luorescence microscopy is extensively used in biomedical research with living cells. In particular, SMT of fluorescent molecules at work in living cells is now providing researchers with the unprecedented ability to directly observe molecular dynamics and interactions. However, SMT and fluorescence microscopy are greatly hampered by photobleaching/photoblinking of the fluorescent probe molecules [1] [2] [3] [4] [5] [6] . For example, the durations of molecular events, such as transient immobilizations, could in principle be directly measured by SMT; however, photobleaching/photoblinking make such measurements quite difficult.
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Numerous methods have been devised to reduce photobleaching/photoblinking, including deoxygenation 7, 8 , the addition of reducing reagents and the addition of both reducing and oxidizing reagents, which is referred to as the reducing-plus-oxidizing system (ROXS) 9, 10 ( Supplementary Fig. 1 ); however, these methods are generally quite difficult to apply to living cells because of their toxicity. Therefore, here our aim was to develop (i) a method to suppress photobleaching/photoblinking of fluorescent organic molecules and (ii) a theory to determine the lifetimes of molecular events by SMT in the presence of photobleaching/photoblinking during the limited observation period ( Supplementary Fig. 2 ). The method developed, super-long imaging-tracking of single individual molecules, was applied to investigate how β 1 and β 3 integrins, which are transmembrane receptors for the extracellular matrix (ECM) in focal adhesions (FAs), mechanically link the ECM and actin filaments in the cytoplasm, at the level of single molecules.
Results

ROXS and lower oxygen concentrations used in this research.
The photobleaching rates of nine fluorescent organic compounds, as well as four organic fluorophores that were conjugated to the synthetic antioxidant trolox, were examined at the single-molecule level at 37 °C in living cells. Each of these was covalently linked to a tag protein (acyl carrier protein (ACP) or Halo) that was fused to the five-path transmembrane protein CD47 at its N-terminal extracellular domain or its C-terminal cytoplasmic domain (only for the Halo-tagged protein) and was expressed in the plasma membrane (PM) of T24 human epithelial cells.
Molecular oxygen is completely removed in many photobleaching-and photoblinking-suppression methods. However, here we optimized the concentration of molecular oxygen, as molecular oxygen is essential for cell survival and might be useful for shortening the triplet-state lifetime (see Supplementary Fig. 3 and the Methods for the method used to control or measure the concentrations of dissolved oxygen in the medium). In the following part of this report, we describe the molecular oxygen concentrations in the cell culture medium as the percentages (partial pressure) of the molecular oxygen in the equilibrating gas mixture when its pressure was 760 mm Hg, and we express them in the manner '2%O 2 ' (no space between % and O 2 ) to indicate that the partial oxygen pressure was normalized to that under the 760 mm Hg atmosphere.
At the same time, we used ROXS. ROXS induces the transitions of fluorescent molecules in the triplet state to the ground state by way of the ion states by consecutive reduction (oxidation) and oxidation (reduction) reactions, thus effectively suppressing photobleaching/photoblinking ( Supplementary Fig. 1 ). We used the less toxic compounds trolox, a vitamin E derivative, as a reducer and troloxquinone, a trolox derivative, as an oxidizer 11 at a fixed total concentration of 1 mM. The ROXS conditions used throughout are described as TX (1 mM trolox), TQ20 (0.8 mM trolox + 0.2 mM troloxquinone) and TQ40 (0.6 mM trolox + 0.4 mM troloxquinone) ( Supplementary Fig. 4 ). The 'control' experiments were always performed in the absence of ROXS under 21%O 2 .
ROXS + lower oxygen concentrations improves photostability. First, we describe the results obtained with tetramethylrhodamine (TMR) and SeTau647 (ST647), as these resulted in the largest improvements among the membrane-permeable and membraneimpermeable dyes, respectively. TMR and ST647 were conjugated to Halo-CD47 and ACP-CD47, respectively (the comparison between Halo and ACP will be discussed later).
Typical time series analyses of single-molecule images of TMR and ST647 (Fig. 1a and Supplementary Videos 1 and 2) indicated that, when the ROXS and oxygen concentrations were adjusted, photobleaching could be greatly suppressed. The number of fluorescence spots found in each video frame plotted against time could be fitted by single-exponential functions (Fig. 1b and Supplementary  Fig. 5 ). The exponential lifetimes evaluated under various O 2 + ROXS conditions (at the same excitation laser power) are summarized in Fig. 1c (number counting photobleaching lifetime, which is almost the same as the lifetime evaluated by the bulk intensity measurements). In the case of TMR (or ST647), under the optimal conditions of 2%O 2 + TX (2%O 2 + TQ20 for ST647), the photobleaching lifetime was prolonged up to 31.0 s (105.8 s for ST647), an increase in the lifetime by a factor of 6.1 (6.5 for ST647), at single-molecule localization precisions of 24.7 nm (control) and 25.8 nm (2%O 2 + TX) (23.0 nm (control) and 21.5 nm (2%O 2 + TQ20) for ST647) ( Supplementary Fig. 6a -c (in which the signal intensities largely remained the same)). The photobleaching lifetime, fluorescence intensity and single-molecule localization precisions obtained under the control and optimized conditions are summarized in Table 1 (see also Supplementary Fig. 7 and Supplementary Table 1 (in which an extensive summary is provided)). Note that, for ease of the experiment, we kept the excitation laser intensity the same for the same dye molecule and that when we report the photobleaching lifetime we always specify the single-molecule localization precisions (21.5-32.5 nm, depending on the dye).
TMR attached to CD47-Halo, where the Halo-tagged protein is located in the cytoplasm, showed photobleaching lifetimes and signal intensities very similar to those of TMR bound to Halo-CD47 in the extracellular space ( Supplementary Fig. 8 ). These results indicate Table 1) . A dagger symbol indicates that we were unable to determine these values owing to extensive blinking, which provided trajectories mostly as short as 1 or 2 frames (33 and 66 ms) that could not be distinguished from the noise signal. ND, not done. d, Summary of photobleaching lifetimes (exponential decay time constants) under control conditions and conditions for the slowest photobleaching (see Supplementary Table 1 for a comprehensive list, including the numbers of examined fluorescence spots and the degree of freedom for curve fitting; also see Supplementary Fig. 7 ). Most dyes exhibited the longest photobleaching time at 2%O 2 , but some dyes did so at 0%O 2 and only the R110 dye exhibited the best performance under the control conditions (21%O 2 ), with various ROXS conditions. All dyes were located on the outer surface of the cell. Data are means ± s.e.m.
that the reductive conditions in the cytoplasm (due to the presence of glutathione) did not affect photobleaching and ROXS efficacy. They also suggest that trolox and troloxquinone are membrane permeable. The photobleaching lifetime of TMR-ACP-CD47 was shorter by a factor of ~3, as compared with that of TMR-Halo-CD47, and only a slight improvement was found after treatment with 2%O 2 + TX. The reason for this difference is unknown. Meanwhile, when the membrane-impermeable dyes ATTO594 (AT594) and ST647 were conjugated to ACP-CD47 or Halo-CD47, the photobleaching lifetimes of the dyes bound to the ACP and Halo proteins were about the same (Supplementary Fig. 9 and Supplementary Table 1) .
Single ST647 molecules can be imaged for ~3,200 frames. Among the 13 organic fluorescent compounds examined in this study (Fig. 1d) , ST647 under optimal conditions (2%O 2 + TQ20) exhibited the best photobleaching performance, with the exponential lifetime prolonged to 105.8 s from 16.2 s (6.5-fold difference; ~3,200 frames) at a single-molecule localization precision of 21.5 nm (Fig. 1d and Supplementary Fig. 6a ). Note that, owing to rapid photoblinking, the photobleaching lifetimes of ST647 could not be properly determined with 0%O 2 + TX or in the absence of ROXS. Rapid photoblinking was also observed with TMR under the same conditions (Methods). These conditions might be useful for direct stochastic optical reconstruction (dSTORM)-type observations.
Low O 2 + ROXS strongly suppresses photoblinking. Photoblinking is another serious problem in SMT. To avoid erroneous intermixing of blinking with other tracking problems, cells were fixed to immobilize CD47 on the cell surface. The fluorescence intensities of fixed single molecules as a function of time exhibited a single-step transition to a non-fluorescent state, due to either photobleaching or photoblinking ( Supplementary Fig. 10 ). We measured the duration from observation initiation by turning on the excitation laser until the first transition to the dark state for each molecule, and after observing many single molecules we obtained the histogram for 'bright'-state durations (Fig. 2a) . This histogram might be close to the on-time distributions, but it is more relevant to actual experiments conducted using live cells, as it provides the distribution of the lengths of single-molecule trajectories observed from time 0.
We found that the distributions could operationally be fitted by single-exponential functions ('single-molecule tracking lifetime'). Under the optimal conditions shown in Fig. 1b , the decay lifetimes were 23.7 s for TMR under 2%O 2 + TX and 83.4 s for ST647 under 2%O 2 + TQ20. These values are 10-20% shorter than the bulk photobleaching lifetimes (Fig. 2b,c and Table 1 ), probably owing to photoblinking. Nevertheless, under these conditions, single molecules of TMR and ST647 could be tracked longer than previously reported.
When TMR-Halo-CD47 was observed at higher camera frame rates of up to 10 kHz ( Supplementary Fig. 11 ), with higher laser excitation conditions to provide similar single-molecule localization precisions, photoblinking was observed in the recordings at a 10-kHz frame rate. However, the dark periods lasted for 0.22 and 0.26 ms, in contrast to the 18 and 59 ms of the bright 'on' periods (exponential lifetimes; control and 2%O 2 + TX conditions, respectively), suggesting Supplementary Fig. 6b ). d NA, not analyzed owing to extensive blinking ('bright' periods generally lasting < 66 ms; Methods).
that such photoblinking will not strongly affect the observations at frame rates up to ~300 Hz (3.3-ms integration time > 10 × 0.26 ms).
In optimal cases, we found that single CD47 molecules could be tracked for 2 and 6.7 min at video rate using TMR and ST647, respectively, under their optimal conditions (Fig. 2d) . Such longterm single-molecule observations would be extremely useful for studies of molecular interactions.
Strong cytotoxicity occurs at 0%O 2 but not at 2%O 2 . First, under conditions with 2%O 2 , T24, HeLa, CHO-K1 and NIH3T3 cells grew well. Their doubling times were comparable to those under the 5%O 2 and 21%O 2 conditions (Fig. 3a and Supplementary Fig. 12 ), consistent with previous observations 12 . Second, the effect of low oxygen concentrations on cell survival was examined in the microscope observation medium (Hank's balanced salt solution (HBSS) buffered with 2 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES, pH 7.4); hereafter referred to as T-HBSS) at 37 °C (Fig. 3b,c and Supplementary Fig. 13 ). At 2%O 2 , almost all of the cells survived; however, at 0%O 2 , the half-lives of the cells were only ~3.5 h.
Third, the influence of low oxygen concentrations on cellular activities was investigated by monitoring cell spreading. The time course of cell spreading was observed using β 1 integrin-deficient mouse embryonic fibroblasts (Itgb1-knockout MEFs; hereafter referred to as β 1 -KO MEFs) 13 that had not or had been transfected with Itgb1 (hereafter referred to as β 1 -transfected MEFs; Fig. 3d and Supplementary Fig. 14a ). The β 1 -transfected MEFs spread faster than the β 1 -KO MEFs, by a factor of ~2.5. The extent of cell spreading at 2%O 2 was almost the same as that at 21%O 2 ; however, at 0%O 2 , it was diminished by 30-40% (statistically significantly), which was clear even at 15 min (observed for up to 90 min; Fig. 1d) .
Fourth, the diffusion coefficients of CD47-mGFP in T24 and HeLa cells remained the same at 2%O 2 ; however, at 0%O 2 (even for 15 min), the diffusion coefficients in HeLa cells were greatly increased (although those in T24 cells were unaffected), consistent with the previous result 14 ( Fig. 3e and Supplementary Figs. 15 and 16). According to our proposed picket-fence model 15 , the increases in the diffusion coefficients found here are consistent with subtle depolymerization of the actin membrane skeleton.
Therefore, we conclude that for studies of living cells 0%O 2 should not be used and that 2%O 2 is quite suitable or even better than 21%O 2 , consistent with previous observations 12, 16 . Cells still thrive at lower oxygen concentrations, perhaps because of less peroxidation and/or the expression of hypoxia-inducible factor 17 . Indeed, the oxygen concentrations in animal tissues are generally much lower than 21%O 2 [18] [19] [20] .
Cytotoxicity of ROXS.
Under the conditions of 2%O 2 + ROXS, unlike that at 0%O 2 , the reduction in the number of live T24 and HeLa cells became detectable only after 5, 6 and 7 h of incubation in the presence of TQ40, TQ20 and TX, respectively ( ). Similarly, under the conditions of 2%O 2 + ROXS, unlike that at 0%O 2 , the spreading of β 1 -KO MEFs and β 1 -transfected MEFs remained basically the same as under control conditions for 90 min (the longest incubation time used) ( Fig. 3d and Supplementary  Fig. 14a ). Because our fluorescence observations were finished mostly within 15 min of the addition of ROXS (at 2%O 2 ), its toxic effect on our observations was predicted to be limited.
Comparison with dye molecules directly conjugated to trolox.
Previously, other groups directly linked triplet-state quenchers (TSQs; such as cyclooctatetraene, 4-nitrobenzyl alcohol or trolox (TX)) to cyanine dyes and found that the photostabilities of the Because single-molecule tracking ended at the moment the photoblinking (transition to the dark state) occurred, the lifetimes found by this method were shorter than those determined by counting the number of spots in each frame (Fig. 1a,b) . The best-fit single-exponential curves are shown. The numbers of molecules examined are summarized in Table 1 (footnote b) . b,c, Summary of photobleaching lifetimes obtained either by counting the number of fluorescence spots (counting lifetime) or from the duration distributions of single-molecule trajectories (tracking lifetime) (exponential-decay time constant) (means ± s.e.m.), as well as the fluorescence intensities (modes ± s.e.m. obtained by log-normal fitting; Supplementary Fig. 6b ). A dagger symbol indicates that we were unable to measure these values owing to extensive blinking. For n values, see Table 1 (footnote b) and Supplementary Table 1 . d, Typical trajectories for TMR and ST647 molecules linked to CD47 in the live cell PM that could be tracked without photoblinking and photobleaching for periods longer than 120 and 400 s (~4× lifetimes shown in Table 1 , and thus representative among a few percent of molecules). Note the differences in the lengths of the trajectories obtained in the ambient atmosphere (control) versus those under the optimized conditions. Scale bar, 10 µ m. Fig. 14a ). Data are the mean cell areas ± s.e.m. of n = 20 cells. 2%O 2 + ROXS incubation did not significantly alter the results for up to 90 min. *P < 0.05 by twosided Mann-Whitney U test (for actual P values, see Supplementary Table 5 ). e, Mean diffusion coefficients of CD47-mGFP in HeLa cells, plotted against the incubation times under various conditions (distributions shown in Supplementary Fig. 16 ). See Supplementary Fig. 16 for n values. 2%O 2 + ROXS treatment did not significantly alter the diffusion coefficients for up to 120 min. *P < 0.05 by two-sided Mann-Whitney U test (actual P values are shown in Supplementary Fig. 16 ). In d and e, statistically significant changes were found only at 0%O 2 (relative to the control conditions), even for an incubation time of 15 min at 0%O 2 .
cyanine dyes were greatly improved as compared to the photostabilities observed when the TSQs were added to the solution, particularly under 0%O 2 1,2,4,6
. Here we performed similar experiments by synthesizing TMR-TX-Halo and AT594-TX-CoA, as well as Cy3-TX-Halo and Cy5-TX-Halo, which were examined previously (Supplementary Fig. 17 ; single-molecule localization precisions of 21.7-28.7 nm in the x and y directions).
TMR-TX did not show any improved photostability under all of the O 2 concentrations used here, whereas AT594-TX exhibited ~1.6-fold better photostabilities at 0%O 2 and 2%O 2 than with AT594 at 2%O 2 + TQ40 (optimized conditions for AT594) ( Supplementary  Figs. 18 and 19) . The extents of TX-induced photostability were large for Cy5-TX and small for Cy3-TX, in general agreement with the data reported previously 2 Super-long single-molecule tracking of integrins. ACP-β 1 integrin exhibited the ability to enhance cell spreading as much as the native β 1 integrin ( Supplementary Fig. 14) , and thus it was considered to be functional. Therefore, ST647-ACP-β 1 integrin was observed at the single-molecule level at video rate, together with the FA marker mGFP-paxillin, at 2%O 2 + TQ20 (the optimal conditions for ST647). The mGFP-paxillin domains were classified by area size-either smaller or larger than 0.25 µ m 2 . The former might include the often called nascent adhesions or focal complexes 22, 23 ( Supplementary Fig. 20) .
Single ACP-tagged β 1 and β 3 integrin molecules entered and exited from FAs and repeatedly exhibited temporary immobilizations, which are referred to as 'temporary arrest of lateral diffusion' (TALL), both inside and outside the FA (Fig. 4a, Supplementary  Fig. 21 and Supplementary Videos 4 and 5; also see ref. 24 ).
In subsequent experiments, we mostly dealt with the larger FAs because integrin behaviors could be observed much more clearly. Every time integrin molecules exhibited TALL, the TALL duration was measured (here the TALL durations included those for TALL events that ended by either movement or the photobleaching of the molecule). The TALL time fractions against the entire trajectory length inside and outside the FA were, respectively, 78% and 51% for ACP-β 1 integrin, or 83% and 40% for ACP-β 3 integrin (Fig. 4b) . Namely, inside the FA, integrin molecules can diffuse but are immobilized about ~80% of the time. Even outside the FA, they underwent TALL half of the time, suggesting that integrins probably have important functions even outside the FA (Fig. 4b) .
Theory for obtaining the correct TALL lifetime. After observing many TALL events, we obtained a histogram of TALL durations ( Supplementary Figs. 22 and 23) . To analyze the distribution of TALL duration, we developed a theory to evaluate the correct TALL lifetime from the experimentally obtained TALL duration distributions, which are skewed by photobleaching of probe molecules and limited observation (recording) durations (T rec ). Note that, in singlemolecule observations, the time window for observing a molecular event is not uniform; rather, each individual molecule provides a different time window by stochastically following a single-exponential photobleaching lifetime distribution (as shown earlier in this study). Furthermore, the limited length of the observation duration (T rec ) affects the experimental raw data of the TALL duration distribution because a TALL event can be truncated by the initial and final ends of the observation period ( Supplementary Fig. 37 in Supplementary Note 1) . Therefore, we developed a theory for obtaining the correct TALL duration distribution from the raw distribution directly obtained by experiments. This theory will be applicable for obtaining the lifetimes of many single-molecule events.
The detailed theory is provided in Supplementary Note 1. In the present integrin experiments, we selected a T rec of 200 s, so that it would minimally affect the results, knowing that the optimized (minimized) photobleaching rate for ST647 is 1/83.5 (with 2%O 2 + TQ20). Under these conditions, the duration distribution of TALL events corrected for photobleaching, in the presence of more than one independent immobile state, n = 1, 2,… , n I , and a single mobile state, G fit nI (δ), would be given by
where A n represents a complex function of the rate constants for state n but can practically be determined, as the fitting parameters k M,n is the rate constant for the transition from the immobile state n to the mobile state (defined as 1/τ n , where τ n is the TALL lifetime for the immobile state n) and k B is the photobleaching lifetime common to all of the states (defined as 1/τ B , where τ B is the photobleaching lifetime).
Three types of TALLs occur both inside and outside the FA. The histogram for TALL duration of β 1 integrin could be fitted by the sum of three exponential-decay functions (see equation (1)), based on both Akaike's and Bayesian information criteria (Supplementary  Tables 2 and 3) , with decay time constants (lifetimes) of τ 1 = 0.51 (6% time fraction in the total TALL duration and 68% in terms of the number fraction), τ 2 = 4.3 (12% and 16%, respectively), and τ 3 = 43 s (82% and 16%, respectively) inside the FA, after the correction for photobleaching (Fig. 4b, Supplementary Figs. 22 and 24a, and Supplementary Table 2 ). β 3 integrin exhibited similar TALL behaviors, except that the lifetime of the longest TALL fraction (τ 3 TALL fraction) was longer (79 s) than that for β 1 integrin (43 s) ( Fig. 4b and Supplementary Figs. 22 and 24a) . The majority of TALLs, in terms of the number of events, occurred with the shortest lifetime (τ 1 ≤ 0.51 and 0.66 s; 68% and 50% for β 1 and β 3 integrin, respectively; Supplementary Fig. 24a ). However, the majority of TALLs, in terms of the time fraction (relative to the sum of all TALL durations), were explained by the relatively small numbers of longest TALL (τ 3 ) events (Fig. 4b) . Notably, there were very few molecules that were immobile much longer than the τ 3 lifetimes of 43 and 79 s for β 1 and β 3 integrin, respectively (Supplementary Table 4 ; see Supplementary Note 1 for the evaluation method), indicating that these three TALL components could describe virtually all of the TALL events that occurred in the FA region. Notably, the addition of Mn 2+ , an integrin activator 25 , only slightly affected the TALL behaviors of β 1 integrin, but its effect on the TALL behaviors of β 3 integrin was much greater; the τ 3 lifetime was prolonged, and the time fraction of the longest τ 3 component was increased (Fig. 4b and Supplementary Figs. 22 and 24a ). , respectively) were investigated in HeLa cells (see the cell spreading results in Supplementary Fig. 25 ) 26, 27 . β 1 -D130A and β 1 -Y783A/Y795A exhibited no longest-lifetime (τ 3 ) TALL component, but exhibited the middle-lifetime (τ 2 ) component ( Fig. 4b and Supplementary Figs. 22 and 24a) . β 1 -D130A/Y783A/ Y795A hardly exhibited even the τ 2 component, and the overall TALL time fraction was decreased to ~15% (Fig. 4b) . These results indicate that the middle-length TALL was induced by β 1 integrin binding to either the ECM or the cytoplasmic FA components bound to actin filaments, whereas the longest TALL component was induced by β 1 integrin binding to both the ECM and cytoplasmic FA components.
These results were further confirmed by using a coverslip coated with vitronectin, to which β 1 integrin does not bind 28 . The longest τ 3 component disappeared, supporting the conclusion that this component is due to the binding of β 1 integrin to both the ECM and the actin filament ( Supplementary Fig. 26 ). The time fraction of the τ 3 component of β 3 integrin, which binds to both fibronectin and vitronectin 28 , was unchanged, as expected ( Supplementary Fig. 26) . Furthermore, the treatment of cells with Y27632, which reduces the traction force on actin filaments by myosin filaments 29 ( Supplementary Fig. 26 ), greatly reduced the τ 3 lifetime and its fraction in a concentration-dependent manner (Fig. 4c and Supplementary Figs. 23 and 24b) . Together, these results indicate that integrin molecules linked the ECM and the cytoplasmic actin filaments for the τ 3 periods (exponential distribution) only when the traction force by myosin II was applied to the actin filaments [30] [31] [32] . Consistently, the β 3 integrin protein with the hybrid domain swingout mutation, β 3 -N305T (the product of ITGB3
N305T
; refs [33] [34] [35] ), in which the integrin conformation is locked in the fully extended conformation ready for ECM binding, exhibited a slightly elongated τ 3 and an increased time fraction for the τ 3 component as compared to those of wild-type (WT) β 3 integrin [33] [34] [35] [36] (Fig. 4b, Supplementary  Figs. 22 and 24a, and Supplementary Table 2) .
Even outside the FA, integrin molecules exhibited TALL that was characterized by three lifetime components, although the three TALL lifetimes were reduced as compared to those within the FA (Fig. 4, Supplementary Figs Table 2 ). Fractions that seemed to be immobile were omitted for clarity (Supplementary Tables 2-4 and Supplementary Note 1).
to actin filaments (through interactions with other proteins), which will induce the τ 2 -and τ 3 -type TALLs, it might undergo weak interactions with (very transient binding to) the molecules in the ECM and/or actin filaments, which might induce τ 1 -type TALLs 31, 38 . This concept is consistent with another finding, in which four of five TALLs were the τ 1 and τ 2 types (~80% for both β 1 and β 3 integrin; Supplementary Fig. 24a ). This implies that only one of the five shorter TALLs turned into the τ 3 type, which represents 80% of TALLs in terms of the time fraction (Fig. 4b) . In summary, we propose that integrin molecules continually reach their sites for binding to the ECM and/or to actin filaments one after another and that once out of approximately five times an integrin molecule becomes bound to both the ECM and the actin filament, thus initiating the longest τ 3 -type TALLs.
Integrins' longer TALLs tend to occur at distal FA sites. Because the τ 3 -type TALLs were implicated in integrin function, we investigated where they occurred in the FA. For this purpose, TALL events lasting longer than 2 × τ 2 (8.6 s and 18.8 s for β 1 and β 3 integrin, respectively), which represent most of the τ 3 component (86 and 78% for β 1 and β 3 integrin, respectively) and the longer ~15 percentiles of the τ 2 component (for both β 1 and β 3 integrin), were examined, using shorter TALLs that lasted for < 2× τ 2 as controls). Longer TALLs of both β 1 and β 3 integrin occurred most often at two-thirds of the distance away from the FA center toward the distal end (also in the presence of Mn 2+ ) in a myosin II-dependent manner, and thus in a traction-force-dependent manner, whereas shorter TALLs occurred uniformly along the FA long axis (Fig. 5a,b and Supplementary Figs. 28-32) .
The actual location where the longer TALLs occurred most often was ~0.7 µ m away from the FA center toward the distal end, % distance from the FA center line % frequency after area normalization although the length of the FA long axis varied greatly (2.4 ± 1.3 (mean ± s.d.); Supplementary Fig. 28c ). This location is in good agreement with the location where the traction force is highest in the FA [39] [40] [41] . Because traction force was required to induce the longer TALLs, we concluded that the longer TALLs are responsible for integrin function by mechanically connecting the ECM and actin filaments in the FA.
Traction force induces integrins' longer TALLs and FA integrity.
After cell treatment with 10 µ M Y27632, the time fraction of the integrins' longer TALLs decreased rapidly during the initial 1.5 min for β 1 integrin and during the initial 5.5 min for β 3 integrin (Fig. 5c) . The mean FA area, as visualized with GFP-paxillin, was decreased by only ~20% during the initial 5 min of the Y27632 treatment, and then further decreased more rapidly between 5 and 15 min (Fig. 5c,  Supplementary Fig. 33 and Supplementary Video 6). This result suggests that the integrins' longer TALLs might be important for maintaining FA architecture. (Fig. 5d , Supplementary Fig. 34 and Supplementary Video 7). In the growing phase, β 1 integrin first exhibited large fractions of longer TALLs, whereas β 3 integrin exhibited longer TALLs when the FA was in the mature steady phase (Fig. 5d ). In the process of disintegration, the longer TALLs of β 1 integrin were reduced first, whereas β 3 integrin kept displaying longer TALLs for some time (for detailed explanations, see the legend to Supplementary Fig. 34) , showing the distinct functions of β 1 and β 3 integrin in the formation, maintenance and disintegration of FAs 36, 42, 43 . Furthermore, β 1 integrin exhibited a larger fraction of longer TALLs in growing FAs, but ~50% less fractions in immaturely disintegrating FAs (Fig. 5d) , whereas β 3 integrin exhibited similar fractions of longer TALLs in both types of FAs. These results indicate that β 1 integrin is responsible for regulating the formation and disintegration of FAs, whereas β 3 integrin is critical for maintaining FAs.
Discussion
Here we found that ST647 (2%O 2 + TQ20) is most useful as a membrane-impermeable dye, which allowed for observations of up to 12,000 frames (400 s at video rate). To the best of our knowledge, this is the longest single-fluorescent-molecule tracking ever reported. There are only a few membrane-permeable dyes, but TMR (2%O 2 + TX) was found to be the most useful among them, allowing for observations of up to 3,600 frames (120 s at video rate). Under these optimal conditions, the cellular spreading (ECM-binding) functions were unaffected for at least up to 90 min, and the dark state (when the single-dye molecule blinks) lasting for longer than 1 ms was undetectable.
Super-long SMT analyses of β 1 and β 3 integrin revealed that they are frequently, but temporarily, immobilized in various locations within the FA with durations less than 43 s and 79 s, respectively. Taken together with previous results 34, 44, 45 , we concluded that the longer TALLs, which most frequently occurred two-thirds of the distance away from the FA center toward the distal end, were responsible for the mechanical linkage of the actin cytoskeleton to the ECM, in a manner that was dependent on the traction force generated by myosin II (which would induce important conformational changes in the hybrid domain of integrin 34, 35, 44 ; Supplementary Fig. 35 ).
methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41589-018-0032-5.
Cell culture and transfection. T24 cells, a kind gift from Masahiro Sokabe (Nagoya University) 46 , HeLa cells (purchased from RIKEN cell bank, RCB0007) and CHO-K1 cells (purchased from Dainippon Pharma Co., Ltd., Osaka, 03-402) were cultured in Ham's nutrient mixture F12 (Sigma-Aldrich), supplemented with 10% (vol/vol) fetal bovine serum (FBS, Life Technologies). NIH3T3 cells (a kind gift from Makoto Kinoshita (Nagoya University)) 47 were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich), supplemented with 10% (vol/vol) FBS. The β 1-KO (Itgb1-knockout) MEFs were a kind gift from Martin Humphries (University of Manchester) 13 . The cells were cultured in DMEM supplemented with 10% (vol/vol) FBS and 20 U/ml interferon (IFN)-γ (SigmaAldrich), at 33 °C. About 24 h before use, the culture medium was replaced by DMEM supplemented with 10% (vol/vol) FBS without IFN-γ at 37 °C. All cell lines were tested for mycoplasma contamination with MycoAlert (Lonza). The identities of the T24 and HeLa cell lines were authenticated by PowerPlex16 STR (contracted to Promega).
For fluorescence microscopy of the cells, the cells were always plated in 12-mm-glass-bottom dishes (Iwaki, Tokyo), pre-coated with fibronectin (FN, Sigma-Aldrich) by placing 10 µ g/ml FN on the glass for 1 h at room temperature. The cells were cultured in the growth medium for 24-48 h. Before observation, the culture medium was replaced by the observation medium, T-HBSS. For the experiments involving observing the effect of integrin activation with Mn cDNA construction. The cDNA encoding human CD47 isoform 2 was a kind gift from Eric Brown (Genentech) (NCBI reference sequence: NM_198793.2) 48 . The cDNA encoding human ITGB1 isoform β -1A was purchased from the NITE Biological Resource Center (NBRC, Tokyo, accession number: AK291697, http:// getentry.ddbj.nig.ac.jp/getentry?accession_number= AK291697; NCBI reference sequence: NM_002211.3). The cDNA encoding human ITGB3 was a kind gift from Jonathan C. Jones (Northwestern University) (NCBI reference sequence: NM_000212.2) 49 . The human paxillin isoform alpha cDNA was cloned from the WI38 cell line (NCBI reference sequence: NM_002859.3). The cDNAs encoding acyl carrier protein (ACP), Halo7 and mGFP (A206K) were obtained from New England Biolabs, Promega and Clontech, respectively. A linker sequence of five amino acids (Ser-Gly-Gly-Gly-Gly) was inserted between the target protein and ACP or mGFP, whereas a 15 amino acid linker ((Ser-Gly-Gly-Gly-Gly) 3 ) was inserted between the target protein and Halo7. When a tag protein was attached to the N terminus of a transmembrane protein, an additional signal sequence was attached to the N terminus of the tag protein; i.e., the signal peptide (SP) of CD47 for ACP-CD47, the SP of IL-6 for Halo7-CD47, and the SP of CD8 for ACP-β 1 integrin and ACP-β 3 integrin. For the generation of the β 1 integrin mutants ITGB1
D130A , ITGB1
Y783A/Y795A and ITGB1
, site-directed mutagenesis was performed using an Agilent Technologies QuikChange site-directed mutagenesis kit. The sequences encoding ACP-CD47, Halo7-CD47, CD47-Halo7 and CD47-mGFP were subcloned into the pOStet15T3 vector (an episomal vector based on the Epstein-Barr virus that carries the tetracycline-regulated expression units: the transactivator (rtTA2-M2) and the tetO sequence (a Tet-on vector)). The sequences encoding mGFP-paxillin, β 1 integrin, ACP-β 1 integrin (WT and mutant), β 1 integrin-mGFP and ACP-β 3 integrin (WT and mutant) were subcloned into the pEGFP vector (Clontech). For the details of the cDNA constructs including the linker sequences, see Supplementary Fig. 36 . ACP-tagged CD47 and WT and mutant integrins expressed on the cell surface (ACP tag in the extracellular N terminus) were covalently labeled with fluorescent dye compounds by incubating the cells with 50 nM dye-conjugated CoA and 2 µ M ACP synthase (New England Biolabs) in the complete growth medium (containing 10 mM MgCl 2 , which was sufficient for activating the synthase) at 37 °C for 15 min.
Halo7-tagged proteins expressed in the PM (both inside and outside the cell) were covalently conjugated with fluorescent organic molecules by incubating the cells with 5 nM Halo ligands linked to TMR or AL488 in the complete growth medium at 37 °C for 15 min, or with 5 nM R110-Halo-ligand in the complete growth medium at 37 °C overnight. Under these conditions, 10~20% of expressed proteins were fluorescently labeled.
Microscopy observations of the cells at various O 2 concentrations.
To maintain the cells at 37 °C during the microscopy observation period, the entire microscope, except for the excitation arm and the detection arms, was placed in a microscope environment chamber made with thermo-and electric-field-insulating plastic, and three heating circulators (SKH0-112-OT, Kokensya, Tokyo, Japan) were placed in the box to supply warmed air and to slow air circulation within the box (Supplementary Fig. 3a) . A stage-top incubator (Tokai hit, Tokyo, Japan) was placed on the microscope stage for further stabilization of the temperature and for varying the partial pressure of molecular oxygen in the gas environment ( Supplementary Fig. 3a) . The bottom plane of the chamber had a hole in which a glass-base dish could be placed snugly, to let the gas in the chamber escape from the chamber only slowly. On the lid of this chamber, two small holes were made for the tubing to inject the humidified gas mixture and to place the micro-electrode for monitoring dissolved oxygen concentrations.
The N 2 gas and air (79%N 2 + 21%O 2 ) were supplied from each tank and mixed with a multi-gas mixer (Log MIX, FRONT Co., Ltd., Tokyo, Japan) with flow meters. The gas mixture was humidified by passage through a bottle filled with ultrapure water and was then continuously supplied to the surface of the solution covering the cells attached to the glass-base dish at a flow-rate of 200 ml/min. The dissolved O 2 concentration in the cell-culture medium was directly monitored with a microdissolved-oxygen electrode (DO-166MT; Lazer Research Laboratories, Los Angeles, CA, USA) or a fluorescence-based micro-oxygen probe (MicroTX3; PreSens Precision Sensing GmbH, Regensburg, Germany). The dissolved O 2 concentration in the medium was adjusted by varying the air fraction of the equilibrating gas mixture. When the concentration of the O 2 in the gas mixture was changed, the dissolved O 2 concentration in the specimen was stabilized at the new concentration within 4 min (Supplementary Fig. 3b ). In this gasenvironment chamber, probably due to the leakage of atmospheric oxygen, oxygen concentrations < 0.5% were difficult to attain.
To further reduce the dissolved oxygen concentrations below the sensor's detection limit of 0.05%O 2 , an enzymatic method was used. The culture medium was replaced with TES-HBSS buffer containing 0.5 mg/ml glucose oxidase and 40 µ g/ml catalase, with or without ROXS, supplemented with 2% glucose (instead of the normal 0.1% glucose; for a sufficient supply of glucose) and 20 mM TES (instead of 2 mM TES; for pH stabilization against pH decreases due to the generation of gluconic acid by the enzymatic reactions to reduce the dissolved oxygen concentration) (GLOX buffer). When the surface of the GLOX buffer in the glass-base dish was left uncovered, owing to the newly dissolved O 2 from the atmosphere in the GLOX buffer, the glucose oxidase-catalase system continually generated gluconic acid (thus lowering the pH), which might have affected the live cells. To suppress the further influx of molecular oxygen into the GLOX buffer, a round cover made of aluminum foil was placed on the surface of the GLOX buffer. This effectively blocked the pH changes of the GLOX buffer, and the dissolved O 2 concentration was maintained below the detection limit for at least 2 h (< 0.05%; Supplementary Fig. 3b ). For longer-term incubation periods, the GLOX buffer was replaced every 2 h to prevent acidification.
ROXS solution preparation.
Trolox was first dissolved in dry DMSO at a concentration of 0.5 M, and then diluted in T-HBSS. Troloxquinone was generated by UV (UVP, 302 nm, 15 W)-induced oxidation of 1.5 mM trolox in ultrapure water with air bubbling (to supply O 2 ) until the troloxquinone/trolox ratio reached 0.6:0.4 (typically in 10-20 min), as described previously 11 ( Supplementary Fig. 4 ). The troloxquinone/trolox ratio in the solution was determined by measuring the optical density at 255 nm, as described previously 11 , using an optical absorption spectrometer (U-3900H, Hitachi). A stock solution containing trolox and troloxquinone, at a molar ratio of 4:6, was produced by mixing this solution (prepared by UV-induced oxidation) with the TX solution; this was stored at 4 °C in the dark and used within a week. In the present research, the final concentration of trolox+ troloxquinone was always 1 mM (in T-HBSS).
Assays for cell growth, cytotoxicity and cell spreading. To examine cell growth, cells were seeded in complete growth medium in 6-well tissue culture dishes (35-mm diameter; Iwaki) and cultured under a gas mixture containing 5% CO 2 and 21%O 2 , 5%O 2 or 2%O 2 (+ 74%, 90%, or 93% N 2 , respectively), using a multi-gas incubator MG-70M (Taitec, Tokyo), at 37 °C. Cells were removed from the culture dish every ~12 h, using the standard trypsin solution used in our study (0.25% trypsin and 1 mM EDTA in 10 mM PBS, pH 7.4), and mixed with a trypan blue solution; the live cells, which were not stained with trypan blue, were counted with a hemocytometer. The experiments were repeated for six independent specimens, and the mean ± s.e.m. was determined.
To quantitatively examine cell survival in the presence of ROXS reagents at 21%O 2 and 2%O 2 atmospheres in a time course up to 8 h, cells were plated on FN-coated 35-mm tissue culture dishes and cultured in the complete growth medium for ~24 h. The medium was then replaced by T-HBSS that was prewarmed to 37 °C, with or without ROXS reagents. For experiments involving < 0.05% dissolved oxygen (which is the detection limit of the sensor employed here), the GLOX buffer was used. Cells were removed from the culture dish by the standard trypsin solution every ~1 h. The number of live cells was evaluated as described for the cell growth assay.
For examining cell survival by imaging, cells cultured on FN-coated glass-base dishes were stained with 10 ng/ml PI in T-HBSS for 5 min and then fixed with 4% paraformaldehyde for 15 min. After fixation, phase-contrast and fluorescence microscopic images of the cells were obtained with an Olympus IX70 inverted epifluorescence microscope equipped with a 60 × 1.25 numerical aperture (NA) Plan Apo objective lens and an Andor-Clara cooled charge-coupled device (CCD) camera.
The influences of low oxygen concentrations and/or the presence of ROXS reagents on the spreading of β 1 -KO MEFs and β 1 -KO MEFs that were transfected with constructs encoding WT or modified β 1 integrin molecules on FN-coated glass-bottom dishes were examined. β 1 -KO MEFs were transfected with the cDNAs encoding various β 1 integrin proteins by electroporation, as described in the subsection "Cell culture and transfection, " cultured for 18 h, removed from the cell culture dish by trypsinization for 3 min, allowed to recover in the complete growth medium for 1 h, and then replated on FN-coated glass-bottom dishes in T-HBSS with or without ROXS or in the GLOX buffer with or without ROXS. At selected time points after plating, the cells were fixed with 4% paraformaldehyde for 1 h, incubated with 100 mM glycine for 15 min, permeabilized with 0.1% Triton X-100 for 5 min and then further incubated with 1% BSA for 1 h. The cells were then immunostained with 20 µ M anti-β 1 integrin monoclonal antibody (K-20, also called 'neutral mAb' , which recognizes both active and inactive β 1 integrin; Santa Cruz) for 1 h and then with 5 µ M rhodamine red-X-labeled anti-mouse-IgG secondary antibody (Jackson ImmunoResearch, 715-295-151) for 1 h. Microscopic observations were conducted as described in the previous paragraph. The cell area (parameter for evaluating cell spreading) was measured in the phase-contrast images, using ImageJ software. Results are described as means ± s.e.m. for 20 cells.
Confocal imaging of mGFP-paxillin and Alexa647-conjugated phalloidin in cells before and after the treatment with the ROCK inhibitor Y27632. HeLa cells expressing mGFP-paxillin, which were plated on FN-coated glass-base dishes, were incubated with 1-10 µ M Y27632 in T-HBSS for 1 h. The cells were then fixed with 4% paraformaldehyde for 1 h and incubated with 100 mM glycine for 15 min, 0.1% Triton X-100 for 5 min, 1% BSA for 1 h and then 500 nM Alexa647-phalloidin (Life Technologies) for 30 min, followed by embedding in Permafluor (Thermo Scientific) for confocal fluorescence microscopy (Olympus, FV1000) ( Supplementary Fig. 27a ).
Single-fluorescent-molecule imaging. Fluorescently labeled molecules located in the basal PM (the ventral PM; i.e., the PM facing the coverslip), and those attached to the coverslip, were illuminated with an evanescent field and observed at 37 °C, using home-built objective-lens-type TIRF microscopes, which were constructed on Olympus inverted microscopes (IX-81 and 70 for video-rate and high-speed observations, respectively) equipped with Olympus 100 × 1.49 NA objective lenses. The fluorescence images were projected onto a two-stage microchannel plate intensifier (C8600-03; Hamamatsu Photonics), which was lens-coupled to an electron bombardment CCD camera (C7190-23; Hamamatsu Photonics) operated at video rate or was optical-fiber-bundle-coupled to a high-speed complementary metal oxide semiconductor sensor camera (Focuscope SV-10k; Photron) operated at 1 and 10 kHz (256 × 256 pixels) 50 . The incident excitation laser power at the exit of the objective lens was 1.98 mW for the 488-nm line (for AT488, AL488, and R110), 2.31 mW or 4.60 mW for the 561-nm line (for TMR or DY547 and Cy3-TX, respectively), 1.17 mW for the 594-nm line (for AT594), and 1.06 mW or 3.18 mW for the 642-nm line (for DY647, AT674N, and ST647 or Cy5-TX, respectively). For high-speed observations of TMR (561-nm line), 10.8 and 108 mW were used for the observation frame rates of 1 and 10 kHz, respectively.
Each individual fluorescent spot in the image was identified and tracked by using a home-made computer program, as described previously 51 . The superimposition of images in different colors obtained by two separate cameras was conducted as described previously 50 .
Methods to measure photobleaching lifetimes and durations in which single molecules could be tracked, and the mean signal intensity of single fluorescent spots. As a convenient measure for the photobleaching lifetime, the 'numbercounting lifetime' measure was used. In this method, after obtaining image sequences at video rate, the number of fluorescence spots detected in each video frame was obtained and plotted against time, and then the numbers of spots in each frame (time bin) obtained in all of the image sequences were added together. We found that these plots of the (total) number of fluorescent spots versus time for all of the dye molecules under all of the ROXS conditions used here could be fitted by single-exponential functions. Therefore, the exponential decay constants (mean ± s.e.m.) were defined as the number-counting lifetime.
The number-counting photobleaching lifetime would virtually be the same as the lifetime evaluated by the bulk intensity measurements. As another method, the 'single-molecule tracking lifetime' was used. In this method, we measured the duration in which each fluorescent spot was detectable, starting from the initiation of the observation by turning on the excitation laser (time 0; until the first transition to the dark state; this way, we only observed the molecules that were visible at time 0). After observing many single molecules, we obtained the histogram for the bright-state durations. This histogram might resemble that for the on-time distributions, but because it was observed from the start of excitation laser illumination, rather than the onset of fluorescence emission during steady-state illumination, the actual values would be different. However, we used this method because it would provide the lifetime more relevant to actual experiments conducted using live cells, as it provides the distribution of the lengths of single-molecule trajectories observed from time 0 (starting of laser excitation). We found that the distributions for all of the molecules under all of the ROXS conditions used here could operationally be fitted by single-exponential functions; the exponential decay constants (means ± s.e.m.) were used as 'single-molecule tracking lifetimes' .
The mean ( ± s.e.m.) fluorescence intensity of single fluorescence spots was obtained in the following way. After measuring the fluorescence signal intensities of all the fluorescence spots, the distribution of the intensities was fitted by a lognormal function, and the mean intensity was obtained as the value of the mode of the log-normal function.
Note that in these determinations, the s.e.m. is provided as the fitting error of the 68.3% confidence limit. In such determinations, the number of independent experiments is given as the degree of freedom for fitting (ν), which equals 'the number of bins used for the fitting' minus 'the number of free parameters used for the fitting' . However, because the number of total fluorescence spots and the number of events (various events observed in the present research, such as the TALL events) would also be useful for clarifying the conducted experiments, in addition to the degree of freedom, we describe the numbers of independent experiments and the numbers of observed molecules, events or cells, wherever appropriate.
Long-term tracking of single integrin molecules inside and outside the FA.
HeLa cells transfected with sequences encoding ACP-integrins (WT and mutant β 1 integrin and β 3 integrin) and mGFP-paxillin were cultured for 24-48 h on FN-coated glass-bottom dishes, and the ACP-integrins were labeled with ST647-CoA by the same method used for labeling ACP-CD47. For the longterm tracking of single individual integrin molecules inside and outside FAs, the stage drift was corrected by using 100-nm fluorescent tetraspeck beads (Life Technologies) that were attached to the glass surface in the specimen as fiducial markers.
Single ST647 molecules attached to the coverglass of the glass-base dish were observed at a video rate for 6,000 frames (200 s), and after correcting for the long-term drift using the fiducial markers, the localization precisions of single ST647 molecules (31 molecules) were found to be 26 nm for both the x and y coordinates. These values should be compared with the localization precision for short-term observations (100 frames ~3 s) of 22 nm. This result showed that longterm tracking, such as 6,000 frames, could be performed at localization precisions comparable to those attainable for much shorter trajectories, such as 100 frames, after correction for the stage drift.
Transient-immobilization or TALL events were detected in single-molecule tracking trajectories, by using the algorithm developed by Sahl et al. 52 and modified by Shibata et al. 53 . The detection circle (magnifying-glass) radius and the threshold residency time were set at 200 nm and 20 frames (0.67 s), respectively. Using these parameter values, the TALL time fractions in Monte-Carlo-generated simpleBrownian trajectories with diffusion coefficients of 0.16 and 0.27 µ m 2 /s, which are the mean diffusion coefficients for β 1 integrin inside and outside the FA region, respectively, were found to be only 1.42 ± 0.02% and 0.26 ± 0.01%, respectively.
To identify and define the FA areas, mGFP-paxillin was expressed in cells and used as an FA marker. The cells that expressed both mGFP-paxillin and ACPintegrin were selected. First, the mGFP-paxillin images were recorded for 3.3 s (100 video frames, not at the level of single molecules); subsequently, the ST647-labeled ACP-integrin was observed for 6,000 frames (200 s) at the level of single molecules. Consistent with the results described by Shibata et al. 53 , the changes in the FA morphology during ~200 s were limited, and therefore, the mGFP-paxillin image sequence obtained before the single-molecule observations of integrins was used to define the FA areas. The entire image sequence of 100 frames was averaged, and the resulting image was binarized to determine the boundaries between the FA regions and the bulk PM domain. The threshold pixel value used for binarization was found by using an adaptive thresholding algorithm. For the successful binarization of both the larger and smaller FAs, the images before and after Laplacian filtering were binarized, and then the binarized images were compared. For further details, see Supplementary Fig. 20 and its legend. All integrin trajectories were subdivided into those inside and outside the FA zones, and then analyzed.
Software and statistical analysis. TIRF images of FAs were processed and analyzed using ImageJ for Windows or MatLab 2012a for Windows. Superimposition of image sequences obtained in two colors and single-molecule tracking were performed using C+ + -based computer programs produced in-house, as described previously 50, 51 . Statistical analysis was performed by two-sided Welch's t-test or two-sided Mann-Whitney U test using OriginPro 2015 for Windows. P < 0.05 was considered to be statistically significant. Curve fitting and its examination using Akaike's and Bayesian information criteria were performed using OriginPro 2015 for Windows.
Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary.
Data availability. All data generated or analyzed for this study are available within the paper and its associated supplementary information files. All other data presented and codes written are available upon reasonable request from the corresponding author.
